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ABSTRACT

DIRECT FISSILI? ASSAY OF RICHLY ENRICHED UF6 USING RANDO!f

SELF-INTEP.ROGATIONAND NIK!!RGNCOINCIDENCE RESPONSEa

.7. E. STEWART●nd H. O. MWLOVl?, Los Alamos Nazional Laboratory
Grotip Q-1, NS E5~0

Los Al&mos. N?f 875&5
(5Q5) 667-2165

A new nondestructive method for direct aasay of
235U ~e~ ~on~ained in ffodel 5* uranium hex.-

fluoride (L!F6) product ●corage cylindere has
been niiccecefully tected in the laboratory and
under field condirianf. The technique employo
pacsive neucren melf-interrogation ● nd uaeo the
ratio of cofmcider.cea-tc-totalm counts ● s ●

meaeure of bulk fissile mane. The accuracy of
the method I- 6.92 (10) based on field meae-
uremenca of LL Model 5A cylinders. 11 of which
were either only partially fille~ or contained
reactor return ❑ aterial. The cylinders con-
tained UFb with enrichmenca from 5.962 to
97.62. Count timan were 3-0 min depending on
235U ~ma.
over 16kg $~~:tirs~g~~.~~e~~%d’~l~g
pr!marlly en fact neutron eelf-lnt+rraps- ’-n.
complece sampling of the UFL. cakee place. . ~e
f@ature allevletam inhcmo~eneity probleme ● nd
of fero tncreamed aemurartce of ttw preeence of
e:aced emcumte of b,,lk flsaile mat?rial ae com-
pared wlch current verificftticni methode.

INTRODUCTION

For saf~g~,ards and ●ccountability of hi hly
!35Uanrichefl uranium (HEU). determination Of

mnco ! . uranium hexafluoride J~FhI ie requlrad.
For dEtJ f@nrlchmenCa ~lOz 2 -11); the L!F6 ie
stored in I@del 5A cylindern chat ● ● nW?iinally
12!! mm in diameter ●nd ‘.91i. mm tan] (eee FiB.
1). Typical l!F~ fill helghte ● re 3GG-~M mm.
Th@ee conte{nere. holding mat~rial of hl~h ●co-
nwnic nr-d etrmteRic %al”e, arc ueed for the out-
put O! •nrlcknc~t plnnte and for th~ input to
f=cl fa!wlcrtlom facilltlee.
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the 235u ●nrichment ie not homlgeneoue. If the
uranium hee been irradiated In ● reactor, <t maY
contain levels of techn~tium that reduce tie
signal-to-background ratio of the gamma-ray en-
richment measurement and ther.fore lim:t ita
praciaion.

Gas-phaee sampling of the cylinder contents
followed by maas epectromecr!c determination of
~3~u enrictiienc can alao be blamed by inhomo-
gene~tiem such ae layering.

Thle paper deacribae a new paeaive neutron
●asay tecnrtique t~ac directly ●amplee the ●ntire
Up6 volUme
dera

of Model ~fiupr~~j~ •~~~~e p~;~~::
co determine

technique. based on eelf-interrog-ticn and co-
incidence cotintin~, waa identified after tee!ing
●nd ●vaitiatirtg both ●ctive and paaaive eppllca-
tio,le of the neutron Coincide~ce Collmr.2
S.btiequentlv, the method wae tested using the
Ac.ive well Coincidence Co~nter (@CC)3 in rhe

pasoive mode, the Dual Range Coincidence Count~r
(DfK~),’ ●nd the High-Level Neutron Coiricidelce
Councflr (HLNCC).5 The first field teat o! the
the merhod waa ccnd”cted ● t the (%adyear ALomic
Corporet:on (~AT) Gee@oua ~iffusion Plant (GDP),
near Pikrncon, Ohio, uelng ● high-efficiency AWCC
in the pkeeive moae.

The new method owes ita 81MpliCity co the
uelqtie neurronic propertied of UF& com~.eininir
IWl! ●nd the ebllity of the shift-regiecer coin-
c Iilence circuirry to i~clate time-.=:related
● vante from rheoe occurring randomly in time.
Variations in cylinder wall Chickvoe or the
prrcence of reactor-return mmtrrial do nor oiE-
nlflcencly ●ffect renulce. ‘Jaria~ione in fill

be!ght and LiF~ <enmity do ●:fect the meaeure-
a!ent , ●nd ● correction wea developed thmr mini-
mizee theme effecte. The correction ie deter-
mined by changing the nautrcm refl~cclvicy (al-
twdQ) >f th~ mamplm cmvity wlrh ● r~movable cad-
mium litwr.

?“~ww~”t. !rlfi’~.f!!.e?
In(ringfc ncf,rrcri produ:.tjon fnTTUF~ con-

telnin~ HEU ie !f..mlneted by lyFil n)”Na remc-
tlcne; rhmer mr~ pr!mzrlly due to ~~kll alpha

fleceye. lJranl.,m-23!! ie rhe dcmlnsnt ●ourcc of
•pceL.*n*~”m fimmlon rea~rjone in J,,. rvncafnlng
UFU. Spcrnnen..m flm.lonm, hsuever, mcrcunt for
O,ily 1.1X of . ..- !nral .,e.itrofi Produr:iofi ● r 20Z
●nrlrlmnent , 0.:51 at >Ox •n.l~hment, ●nd Onl)
C.OIX at ‘?B? ●nrtchm-nt fn: typlral lJF~ from
● dlff,.nlrrfi cnmcade. Fl*,,re 2 I- a ~lot of ●p*-
riflc neutr.?fi prmfuctlnn in l!F~ Vm ‘3% ●nrlrh-
ment for a dlffum!on .fimcade. For ●olld UF~. a
tt.lzk-ler~ct ●=xlel of nc.,tlon pruduc” ‘Gn ie ●p–
pllrablo ● a oppnmod to thr thin-tar~er model’
nncommary far Iow-donslty LIF&~ae.

i
I

1
. . 1. A. . . J ., -..-1

Id ,fJ i$
215”~“ff,~~~ml,, m“ ,““,

B*.auae the ●l~ift-resletar colnclde!..a
cl~rtronlce loslrg m~ee”rae the timv-cnrrclatel
● vente . the paealvm (amnj r.cutrone do not CDn-
trlbutc directly tu che rolnrldomro ccwnt rar?
●lr!ce thy occur rendc.mly in rlmm. 14@w@va!’,
they ronLriiwto indirectly co coincidence r*-
●pon~e by lrrduclng fleeiona thet yiel.f prompt
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Fig. 3. Calculated neutron production opectra for tha 234UF6 (an) re-
●ction.

neutrons in burnta of O-8. Uranfum-238 ●ponta-
neouo fianion6 make a small (and correctable)
direct contribution to the meaaured coincidence
recponoe.

Severnl years ago, calculation were re-
ported9 that gave the neutron leakage par
source neutron for bare Model 5A cylinderm con-
taining UF6 at ft~e enrichment (’20, 50, 80,
93, ●nd 97.5X) ●nd two UF~ mnoaeo, 10 and
20 kg. Rcnulta of theaa c~lculntiono ● re
plotted so a function of 23% maes in Fig. 4.
The calculntionti eoaumed ●ll paaoive (m,n)
neutronu had an initial enersy of 1 FfaV becauae
thick-target ctmiomion spectra a. nhown in Fig. 3
were no; ●vallablo. This la not ●xpected to
significantly nltmr Icaulta of th~ calculatlonc.
For the purpoaen of this pcper, Fig. 4 hmn thra?
importmnt featuraa! firmt, induced fis~ionm
account for ● otBnlficant fraction of the rr@u-
tron Iemkage from the cyllrrdero; second, thio
fraction ia rroarly proportfonat to fisalle maaa;

anti third, the half-full cylinder- ● ra more
highly multiplying thnn full onei. containing the
same UF6 mase, These ralculatlnna were made
w!thout ●ny materisl nurroundlng the cyltndmro.
They therefore Rive an indication of the aagni-
tude of Lhe induceif-fiaslon r~te caueed by neu-
trons that have not eorap~d the cylinder.

The paaoive (a,n) neutrons ●nd their in-
duced-fiaoion progeny produce ● leakage n@IJtrOn
current from the UF6 ●emple into the thermal
neutron well counter. These lnetrumenta typi-
cally contain concentric ringc of 3He propor-

tional counters in a polyethylene matrix< A
fraction (albedo) of the neutron leakage irn re-
flected back into the UF6 cylinder with a
shifted energy spectrum. The opectral coftening
in due to neutron colliriona with hydrogen nu-
clei bound in polyethylene aoleculea. Becauae
the returnjruj neutronn hnve lowered energies,

they ● ra laua likely to induce flaaionc in 238’J
and mora likaly to induce fiasiono in 23%.
Self-interroRat!on then refers to fisllont in-
duced by (a,n) self-ao,lrce neutrons before
being captured or eocaping the cylinder (me
Fig. 4) in addition to fioaiona induced by re-
turning neutrons whone ●verage energy ie lower
than upon mncape from tha UF~ cylindctr.

With ● Model 5A cylinder in ● th-rmal neu-
tron well cuunter ●nd with a cadmium lin~r for
the sample cavity, raflected natutrono with en-
●rgiee below 0.25 ●V (thermal rr~utron~) do nut
cnntrjbute to ●olf-tnterroRation, wheraaa with
it they do. Th~rmal, or r“ow, neutrona do not
penetrate deeply into UF(, containing HEU. Th@
diffuclon length L la dafined ● a the ●varage
root-mean-oquare dietanca ●t which ● plane
source of thermal neutrone ia raduced by ●
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Fig. 4. Calculated neutron leaknge per source
neutron for UF6 at fiv,! enrichments ●nd two
fill heightn,

factor of e rela ive to initial intens:’.y. In
●ol{d UF6, L is 4.4 mm at 20% enrichment 1.9 mm
at 50% enrichment, ●nd only 1.0 mm ● t 97% en-
richment . Returning therwal neutroni, t!tere-
fore, produc~ an induced-finaion c{,incidence
(esponse inaicatlve of only the uurface layer

of UF6 next to the cyljnd~r wall. However,
auc~l~d-Generation fiamion opectrum neutronn pro-
duced in the aurfece layer are energetic enough
to penetrate to the interior of the ●amp\e.

Normnlly, two menoutementt are med~: one
with the well liner in plsc~ ●nd one with it
removed. The c?cond mencurmment 1- made tt
derive ● corr-ctton for the ilrot. The correc-
tion f- used to ramova ●ff?ctn of UF6 fill-
haight variatlona.

The n~utron coincidence count rate R in a
measure of the induced-ffo~lon rate ani thus the
23% maoa ltl the cample. The inductd-fimmion

rete 1. directly proportional to the (u,n)
mource strength S of the #ample. A3s0, the
totel neutron count rete T Is directly propor-
tional to s. Becaume S ie known t~ vary with
enrichment ●nd irradiation history of the mample
uaterial, ● ●ignatura indapendant of it 18 de-
eirable. He choee, therefore, coincidence count
ratca divided b totale count rates ae a passive

135U ~e,.eignatura for A small correction
is made to coincidence rates readting from
apontaneoue fieniormin 23%.

Laboratory !feanurementm—.—————--.—
To test a variety of techniques for fieaile

aanay of UF6 in Model 5A cylinders, initial
meaeuremente were made ●t Lce Alamos National
Laboratory using the neutron Coincidence Collar2
in both active and pmeaive modee. The contents
of the Los Alemoa cylindern are described in
Table I. Each cylinder contains approximately
the same uranium mans, but the enrichments vary
widaly. Data on Model. 5A and other standard
Un{ted Statea UF6 cylindere can be found in
Ref. 10.

TAELE I

DESCRIPTION OF LOS ALAMOS MODEL 5A
UF6 CYLINDERS

UF6 235U 235U

Item-— J.!!W (X9 -(:L x(

1 22.262 19.94 15.031 2.997

2 20.449 46.80 13.793 6.455

3 22.621 97.67 15.22h 14.869

In the ●ctive mode, the cullar employs ● n
external AmLi aojrce thet prod,~cern random oeu-
tcone (not time correlated) with an average ●n-
●rRy of ~300 keV. These externel source neu-
trone ● re nlowed in the polyethylene matrix be-
fore interrogating the cylinder. The source
uned for :heee otudiee wac NRC-78 with a yield
of 4.67 x 105 nfa. This yield in approximately
four tfmec the maximum paemive (a,n) yield of
the cylindern. In th~ active method, we ●imul-
taneouely meaoure the coincidence rate R and
totalc rate T uning the AmLi rnource to drive the
fisrion reactionc. The AmLi source ie then re-
moved from the zyetem to ❑ easure the paseive R
●nd T valuae from the Urb. The net coincidence
rate ia uoed for flceile ●msny and the total~
ratee ● re uacd to corract the colncidance rttee
for deadtim~ ●ffec:,e. for ●ctive mode meaeure-
manta, the Cotncidenca Collar wern configured
around ths Modol 5A cylfndern, as ●koWn in
?lL. 5.
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Fig. 5. Neutron Coincidence Collar (active
mode) surrounding a Model 5A UF6 cylinder.
The ●xtern~l AmLi interrogation source restm on
ite polyethylerrs holder.

In the pacoive configuration of the collar,
the polyethylene block housing the AmLi ●ource
ic replaced by ● fourth bank of ●ix polyethyl-
ene-moderated 3He counter-. For the psoeiv@/
●ctive mode or BeIf-interrogation m?aourements,
the cylirrdere were cent~red ii, the ●ample cavity
On mhnwn in Fig, 6, For both active and paa-
slve/acttve ●pplications of the collar, meamure-
m?nts were made with ●nd vithout ● cadmium liner
for the cavity.

The f>llovfng t~chniqueo tor flsmile ●eeey
vere teet@d usin~ the i.llar.

● Net coincidence; ●pirnimlum (A~d)

● Net co:ncidcnce; no cadmium (dRno Cd)

p~aeive/Active (Self-interrogation)

● Normalized coincidence; ●picadmium
[(R/T)Cd]

e Normellzed coincidence; no cadmium
[(R/T)noCd]

● Normalized net coincidence; thermal
neutron return (AR/Trio cd)

--- .. . ... .. . .

Fit. 6. Neutron Coincidence Collar (paeelve
mode) surrounding ● Model 5A UF6 cylinder. A
fourth bank of polyethylene-modereted % ●

rountsrc replacce the AreLl ●ource ●ssembly in
,~e peseive ●od..
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The results of initial laboratory measurements
indicated viabil ty of ●ll the above :echniquea
for measuring \2 5U co~tent of Model 5A cylin-
ders. Each of the methods resulted in mono-
tonically increasing response ● a ● function of
235U ~m,. Featulea of the varioua methodm
● re compared in Table 11. The preciaions quotad
in Table II are due to counting atatiatica only.

Table 11 allows an intercompariaon of tech-
nifluea with regard to counting precision, ●nd
the simplicity and length of the measurement

procedure. In order of preference, the tech-
niques ● re

1. (R/T)Cd - paasive

2. (R/T)no cd - paaalve

3. (AR)Cd - ●ctive

4. (AR) active
no Cd -

5. (AR/Ted - passive

The first two passive techniques proved re-
liable aignaturea for bulk 235U mass and ● re
preferred over active methods primarily becauae
of simplicity. The laat passive technique lacka
penetrability for bulk aaaay, but ● related ●ig-

nature proved useful for fill-height corrections
to field measurement.

Using only the (R/T)cd method, further
cylinder measurement w.re maae at Los Alamos
using the HLNCC, the DRCC, and two v,~raions of

the AUCC in the paasive ●ode. A schematic of
the two-ring AWCC (active mode) la shown in
Fig. 7. The three-ring AdCC uaea 60 %e tubes
in three concentric rings in ● polyethylene me-
trix. Compared with the two-ring AUCC, it haa
a higher ●fficiency ●nd ● smaller diameter c&v-
ity. Figure 8 ahowa meaaured valuea of (R/T)Cd
Va 2351j maaa obtained uaiog the four well count-

● rs. These plots have been corrected for the
S*11 238U contribution to R. This correction
ia %7% of the induced-fiaalon sign.al for the
20Z-enriched ●anpie, %IZ for the 50Z-enri~hed
sample, ●nd ~.OIZ for the 98%-enriched ●auple.

The differences in the ●lopea of the plots
for the four instruments are due to d.ffcrences
in counting efficiency ●nd coupling between sam-
ple and detector. (R/T)Cd in directly propor-
tional to the counting efficiency and Increaaes
with the fraction of returning neutrons inter-
cepting the cylinder. Based on the reeults of
the laboratory Intercompariaon of the four WL1l
couotera, the three-ring AWCC in the pasaive
mode vaa determined to have tt.e best combination
of efficiency and cavity size for field meaaure-
❑enta of Model 5A cylinders.

Piketon GDP Exercise—- . .._--_—____
Following laboratory meas!lremehta that

identified optimum choice. of counting technique
end instrument, arrangement were made for the
first field exercise ● t the CAT GDP ●nrichment
facilities near Piketon, Ohio. Before shipment
of the three-ring passive AWCC (henceforth known
siuply ● a the PWCC), the fixed cadmium liner was

TABLE 11

CONF’ARISON IN FEATURES OF COINCIDENCE COLLAR
MEASUREMENT NETHODS FOR 140DEL5A UF6 CYLINDERS

Feature --—

—--- .
(Rh)cd
..-—

Measurement Technique. . . . . . . . ---- —---- ---- . . ------- . - . . - ..— —
Passive Act!Je---- . . . ---------

(R/T) aii @jcd---”(Ky;;;;;
no Cd---.--.— —-— -— .----— - .---—

AmLi ●wrce No No No

Cadmium liner change No No Yea

Uraeium-238 correction Ye● Yen No

No. ❑eaaurementsa 1 1 2

Preci.ion of 235U 0.6 0.5 k .0

meanuremant (Z)b

Ye ● Ye ●

No No

No No

2 2

1.1 0.9

------------ .- ___. . . . . ----- ___
●Meaaurem~nta of 1000 s.
bItem 3 (97.67X ●nrichment).



pi!i3f@Ll
replaced by one that could be eaaily removed and

Inserted. The capability to meaaure both R and

T with and withol~t the liner would be desirable
to interpret reaulta obtail,ed with partially
filled cylinders.

.
For m 252Cf neutron nource placed in the

4as~ -- .— /“2,/ ,,./ center of the cavity, the efficiency of the PWCC
,//. is %40%. Thim 1s compared with the two-ring

((’
AWCC at ~30Z, the DRCC at 21%, and the HLNCC
at 12%.(

CM, F=
~-— - + –--r Figure 9 la a photog~aph of the PWCC with

[ ~

“ 4:.6 “
A--11 SOUW[

y -, ~;,;-
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a Model 5A cylinder in the cavity during the

‘,”j; ;;+. ‘- J field exercise at GAT. The electronics unit

%. Tucls
!>+ ,: > 1

{

used with the PWCC iB identical to that used

4
!1/., with tbs HLNCC.5 The unit contains high- and

UAMPLI CAVIIY
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low-voltage power auppliea, six amplifier-
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discriminator lines, a microproce~aor, and
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Fig. 7. Schematic of the AWCCModel II. This
unit has two rings of 3He detectors. The unit
used for field meaaurpzz:,: s has three ringn of
detectors,

() WCC (31%1

0 ORCC

& WCC (tliq)

O HLNCC

._L-
Ia

Fis. 80 The paaoive (R/T)cd ●tgnature va Z35U Fig. 9. Field photograph uf the three-ring AWCC
mea for laboratory meaaurementa of three ?fod@l during a panaive mcanurement of a Hcd?l 5A UF6
5A cylinders in four ●cparate thermal neutron cylinder.
coincidence counters.





shift-register 8 coincidence IOEIC. The unft !.
Interfaced directly to a 19ewlett-Packerd BP-97
programmable calculator. The microproceeoor ie
used to reed out the .“ufi time, total cousrtc,

real-plue-accidental coincidence counte, ●nd
●ccidental coincidence counts Into the EP-97.
A qxcial dnta reduction program for the WP-97
van prepared fo~ ‘:he exerciee.

A total of S3 cylindere wae meaeured ●t the
everage rate of h to 5 per hour during 2.5 daya
at CAT. These included four small Model 1S ●am-

ple cylinders. These meaeureuente were made to
calibrate ~6 ●nd U02F2 neutron yields f~r cas-
cade holdup ●urveya. One Hodel 5A cylinder con-

$
taining 0.71X (normal enrichment UF6 waa meaa-
ured to verify the 23 U correction determined ●t
Loe Alamoa. Four cylinders were meaaured only
with the cadmium well liner in place. The re-
meinine 44 cylinders were meaeured both with and
without the liner. These ● re listed in order
of measurement in Teble 111 along with tag ●ceay
value., ma~aea of UF6, uranium, ●nd 23%. Spe-
cial featurea of the cylinders ● re alao noted.

TAILS 111

LIST O? CYLINDERS ASSATED AT PIKXTON GASEOUS DIF~SION PLANT

Cyllndcr..—

;:
3H
4ii
3/4
6N
7M
am
9n
10M
1 1)!
12H
1 Ml
14H
1 w
1664
17M
liln
1914
20M
1 Ill
22H
2 Ml
24M
2 !H
26N
2 7)1
211H
29s
x a
31s
32s
3)s
J4S
33)(
~w
37H
)8M
J9H
40M
418
42s
43s
44H

L7?6

~

22.892
23.721
24.530

24.8$9
23.700
23,235
26.966
24.700
23.6S9
22.046
12!139
21.080
24.737
23.925
16,119
24.702

9.7P0
22.318
2b,044
23,864
24.016
23,97$
25.008
24.262
23,663
2). !91
21.910
20.562
21.119
24.130
20% ‘,8
22. /!)9
24.17m
17, *5O
21.19J
21.328
23, s10
24.3>9
24.)12

6.7Z)
l\.7b7
1).63>
2~.664
14.494

.&
13.4>7
16.012
J6.34>
16.730
1>.960
15. b49
16.802
16.645
15.948
13,421
15.312
14.218
16$67!
16,130
10. J84
L6,647

6.!91
13.027
16.237
16.113
16.177
16,124
16,810
16,33)
13.826
1$,919
16.108
13.803
14.268
16.)97
i4.044
1>, >92
16.)1$
12.103
14,41M
13.164
160018
16.328
36337

4.931
9.936
9,113

13. ?lfl
!t.521

Tes ASMY

&>-x~
26.19
31.75
17.61
97.26
7b.78
0?.39
97.26
60.04
66.67
22.22
93.13
48.03
72,01
$6.13
2b.37
60.04
72, (l\
93,22
26,44

33.$0
7$,04
73.10
97.20
72,93
94,62
51.23
7s.97
20,39

$)96
~9,23
95.63
2b.33
)7,32
38130
7J.1,
97, b2
97.26
97.27
97.28
79,11
72,04
24.04
2).33
$1.06

2MU

_~k~

4.048
3.084
9.532

16.272
12.234
12.92>
16.342

9.99h
10.613

).427
14.263

6.943
12.141

9.0s7
2,870
9.993
4.802

14.000
4.293
3.198

12.786
11.707
1$.3!9
11.931

8,644
8.138

12,0d2
2.831
0,831

1*.611
13,433

4.003

6.121
7.0s7

10. \42
14.001

15.399
16.077
16.087

3.584
7.112
2.115
3.161
9.339

?(69X)

P(4ZX)

A

A

S(?r)
R(TC)
S(TC), R(234), P(76X)
A

?(29X)
?(tl!x)
P08X)



The list includes cylinde:e only pertially
filled, reject cylindero with high concentra-
tion of the fieeion product technetium (Tc)
●nd cylinders that gave discrepant reeponeea for
no ●pparent reamon. The three cylindere in the
laot category we labeled outliers end ●nalyeie
hee been requected. Of the 44 cylindere listed
in Table 111, 3 have high Tc and 6 were par-
tially filled. One cylinder (34S) ●hared both
featuree as well ● o having ●bnormal 23% con-
tent. The remaining 35 we celled full, slthough
their UF6 maeaes varied from 20.6 to 25 kg.

The PWCC wae located in the rear of the
vault building where Model 5A cylinderc ●re
stored. Cylinders were lowered into the counter
using ● fork-lift truck modified for cyliuder-
handling operation. Typically, ● measurement
waa made firet withot)t the cadmium liner; the
cylindar vat rsieed while the liner waa in-
serted, the cylinder waa lowered, and ●nether
measurement wac started. Figure 10 ia ● photo-
graph of ● measurement in progreaa.

Count timeo for the two measurements were
‘.2 mfn fp~mhiy, fiaoile masa oemplea and %6 min
for low ‘JJU maas aamplea. Cylinder-handling
operations typfcally required approximately the
same time aa for counting.

Figure 11 dlmplaya ieal coincidence counts
(reala) divided by total counto (totala) with
the cadmium well liner in place plotted vs

0

0
0

0

: 0
0

6~

Y
$

6

.?...-l —.1 -1 ..– L... .’ 1 .-l ~
2 4 a 8 h? 12 14 16

FIIJ. 11. The paaeive (R/T)Cd nigneture (uncor-
rected) va 235U maaa for field menrnurementa of
44 Model 5A cyllnderm. ‘The ●olld curve la ● n
unveighted Ieaat equates cubic polynomial flt to
the data.

Fin. 10. Fl@Id photnsraph ahnwlnR the thr-~-ring AWCCdwr-
lns a paantve mrnu,l!mm~ntof ● Model 5A rylindor numpmnded
hy tho cylinder-handltna truck.
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s tatod 2351; “,,. Tha raals havo been cor-
roctod for 23Bu t,>ontaneoua fioaion contribu-
tions ●nd ths totals have been corrcct8d for
vault background. Tha 23% co~rection wae ●

constant 19.8 countw’s for ●ll measurements.

This value was obtainad from laboratory meaaure-
mantc of depleted uranium metal cuba- ●nd ●&rees
well with the value obtained ueing the normal
●nrichment cylinder ●t CAT. This correction is
actually dependent on 2313u maso in the ●emple,
but the correction 10 relatively co small ●t
high ●nrichments that the conotant value taken
for # 20%-enrichment cylinder (full) is ●dequate
for other eaten. he vault totalo background
varied from 80-150 .ounta/o during tha exerciee
●nd was frequently updated during remote cylin-
der-handling operti’fens.

Random errors (*N) in memaured quantities

● re tndicatad in Figs. 11-16 by the ●ize of the
circlee. Excellent reproducibility waa obtained
for repeatad meaeurementn. Also, with ● cylin-
der centerad in the aac,ple cevity ●nd with the
same cylinder touching the cavity w?ll, ● aoen-
tially the name rasults wera obtminefl.

The labeled pointm of Fig. 11 correspond

to the opecial feature codefi of Teble 111, that
im, P stands for partial fill-, R ●tands for
reject cylinders (for example, with high Tc),
●nd A stande for outliern on which ~nalyaia will
be done. Meatured Valuec of (tt/T)~d for bh
cylinders were fitted with an unveighted, leant
oqu~rem cubic polynomial that is ehowm al-o in
Fig. 11. The pnrtial-fill deta points all lic
●bove the litted curve of Fig, 11. Thic ie be-
~au,e ● ~lven 235U ~Sa ~ont,~nod in ● par-

tially filled cyllrrder will renult in m higher
leakaue multiplication than th~ ●-me 23% mdca
in a full cy!lnder. Figure 4 diaplaya thin ●f-
fcct well. Uranium-235 mas~ density ●nd ●ampla
g?ometry are the two key paramot~rs determining
nample multiplication. B~cauae (R/T)Cd ia a
measura of ntamplo multlplicntiono the partially

ftll*d cyl indora Iiav# h{ her rcnponae than full
935cyltndert for t.lw ●amc II maria. The reject

rylfndmrs that ● rm prohlernn fnr NMI .nrtchment
mcanurernente ● re not ohvioum pruhlemm with thm
( R/T)cd tcchnlqua. Figur@ 11 also dloplfiys
stgn!f!cant ocatter in tho dats points for the
high-mama IIamplon rhat io not due to counting
~tattmtlco. TII? fttted curva in n~nrly linear
from 2-IL k~ 23$tJ, hut for tho !Iisher ● ~em
amnplee, ❑ulttplfcation offorta heroma ● oro
pronounced.

(R,T::”;;”::tt:; ~:wfll::;”:%;:%, ::
tha ruhtr polynnmtal flt to those data. cnm-
par~d w{th tha (R/T)cd data, th* partial filia
uuuld he ● ore ●ccurately ssoayad ualng the

ZOr o

Fi . 12. The panaive (R/’r)no cd signature VS
23.?u ma-e for field ~ea~urcmen~” of 44 Mode]

!A cylindere. The solid curve is an unweighed
leant nquarea CUbiC polynomial tit to Lhe data.

(R/’f’)no cd fit, but the scatter in tha h,gh-
mnee ●amplo datn ic nearly the same for the two
aignatureo.

Figure 13 ie ● plot of the difference in
realo ratas (witl~ or withnut cmdmiurn liner) di-
vidad by the totala tatw witv cadmium, Th@ plot
le inrludad for illuntratf~,n only bcauae it
dtoplaym rooporroe to thermal rroutrun Ilbedo and
i, roughly propurtlonal to tha aurfac~ ● rea of
the ●ampla. The ●ignlficant fontura of FiR. 13
1s thnt the port ial-ffll data polntn ●ll 11o
h~lou the fittd curve ●nrcpt for onp point,
Thie to conoiatant Iwrnuoo ttw partial fill~ ●ll
have .mall@r sample Stlrface eroa~ than the full
ryltnrlcrn, FiRuroe 12 .and 11 ●nhlt)lt tho2\\U
ferta of anmpls self-~ht?lrt!tlu in the low-r
mada rogton and the off*rta of saldl,to mwltfplt-
eatlon in tho htSlv.maea reRion, Thoac nnmo fea-
‘ureu ● ro knowit fri~a artivs appi{rat{onn of th+
AWC .

An!~thor ●tgnetur. of intcreet, ~d/AT,
fe plottotf in Fig, 14, Thr meaeuied quantity AI
ta the dlffot’enro in Iotnle rdtca h~,. aune of the
radmluo liner. Rcd/AT ic I:\vernoly prnportlonal
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Fig, 13. Th@ pa-civ@ AR/TCd tiRn*turO v? 235U
CI#Db for field mranur?mentt of 66 Model 5A cyi-
indorm. The aolld curve io ●n unweightad
loact •quar~s ruble polynomial fit to th~ data”

to the sample surfaco ● ran ●nd diractly propor-
tional to th~ ●ampla cr~inridmnca multiplication.
Tlw ~d/AT indicator hao the Intercotlng proper-
ty of magnifying tlm doviationo of tha partial
f{lla and outlicra from the stratght-lfno fit.
Thin feature ●ugR@n!@rl ib-d/AT for uma in s cor-

rection algor!thm for tho (R/T)~d data, Sov@ral
fnrmn of corr~ct!on algnrithmu w~rc conaider~d,
hut tlw ona found mo~t @ff@rtive h-a th~ form

~ Rcd
cr=l- nAT1

‘Cd

Lor

I

~~
OO’..+. J 1 . ..J. 1 . +2 . . ... J. ._+-

4 6 8 10 14

Fig. 14. The pAOSiVQ RcdlAT indicator W 235iI
masa for field meaouramfnta of 44 Md@l 5A CYl-
indorc. Tha solid lin~ 1- ● linaar fit to the
data.

With the chosan form of the correction fac
tor, both R ●nd T arti measured with the c.dmium
liner in place, ●nd only the totals rata in ra-
quirtd with the liner removod. For tha cylin-
dero of Tnhlo 111, totalo rsteo (no cadmium

Iioar) vnried tmtueen 1800 and 85 000 countm/n.
Thu# , tha form of th corroctinn factor chosen
min!mtxoo counting ttmc horaune the no-cacimfum
mmanurmrncnt n~ed roquira only ● f?w o~condm ● n
● ro~ult of tha high totaln rnt~n. thnorally,
th- practnfrrn nf tha frf.d m@nnuremmnt will domi-
nat$ the pr?c!ninn of Cff * (R/T)Cd.

Corr?ctod valu~o of (R/T)(;d afgnnturo data
ar~ plotted in Fig. 16. Uhan thoo. data or-
rompnr~d vifiually with the@? of FiR, 11 [unror-
r~cted (R/T)Cd dtta], ●uch 1-o. ccattor to ●vi-
d.cnt. Tablo IV 10 ● quantitotiv~ comparison nf

j~~T? JO cd ●nd corr?cttd (R/T)Cd oilnaturaa for
U nnoay. Th@ corr@ctlon ●Igorttllm improvod

tho aanay accuracy (1(l) from 10.6X to 6.8X, or ●

factor of 1.6. Also, tho ●lsorithm mark@dIy im--
prov~d ●ccuracy for partial ffl}o ●nd high-maan
camplaao Tabtc IV applion tn ●ll 44 cylindora
●eaoured at CAT, both with ●nd wlthour the
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Fig, 16

Total count rate (with cadmium liner) ture ,,”z~l~:::rec’~’
* pasoive (R/T)Cd Oigna

for fiald meaauremanto of 4’
V8 235U ~a.m for fiald meaour~ment, of 64 Model Model 5A cylinders. The colid curve ia
3A cylfndero. Ths solid curva la ● t, unweighed
leaet oquaros cubic polynomial fit to the data.

wei8hted least oquarea cubic polynomial
the data.

ab) un-
fit to

TABLE IV

COMPARISON OF ASSAY ACCI.IRACYFOR THREE SELF-INTERROGATION
SIGNATURES OF 23% MASS IN MOXL 5A CYLKNDI!RS

Fitted Cubic Polyn,]mtal Cooffir.f_nt@a. . . ., - . . . . . . . .- . . . - ---

SiQnaturo ‘o Al ‘2. - . .— . . . . . . . . . .,. . ,. . ,._ . - - __

(R/T)Cd -3.38611 E-01 1.06083 f!tOO 9.93987 i!-02

(R/T) -6.73982 E+OO
no Cd 2.02818 K+OO -4,76277 E-02

~~ *

●n●

r4-

X=

(R/T)cd 8,41,352 ~-o] -6,4928/, F,-01 9.13669 K-ol

-“l “3 “–
A+ A1X+A2X+A3X,
295

U II ~ayad mace,

algnfitura,

‘3
od<% )

-6.5’3091 E-03 10,6

2.8914L 25-04 10,0

-7.28569 2!-02 6,8



cavity liner, that lo, Oti repratants one stsn-

dard deviation (relative) of the differences In
●scsy ●nd tag values for ●ll cylinders. Table V

shows relative differences in ●sesy and tq
vslues for problem cylinders, that is, partial
fillc or thoee with reject codes. ADsay valune
were determined uming the CF ● (R/T)Cd cali-
bration curve. The standard deviation of rala-
tlve difference between ASKSY ●nd tag valuee
for problem cylinders is 9.8X. The pcrtially
filled cylinder ●eoays were not ●s ●ccurate ● e
those for the reject cylindere that heve been
difficult to eeaay u$ing the NaI/enrichment

meter technique. Gene-ally, however, the eeeay
sccuracieo for problem cylinders were nearly ● a
good as for the bb-cylinder population ● e n
whole.

Conclusions--------
The fea~~lity of a new technique for di

rect fie~ile uauc verification of IJF6 containing

HEU ueln8 random source self-interrogation and
neutron coincid~nce re~pocroe has been success-
fully demonstrated in the laboratory ●nd during
the firet fielJ teat, The corracted (P/T)Cd
●ignature is the most ●ccurate of those evalu-
ated. Thio signature yield. verification of
bulk 23511 maso in the UF6 ●ar.ple within only a
few minutes of counting without the uou of ● n
extrrnal interrogation ●ourco snd with ●n ●oeay
●ccuracy of 6.8% (la). The pacsive (R/T)Cd oig.
natur~ method i- the first nondaatructive aomay
:echnique ●ble to verify the entire bulk fiesile
❑ sae in a Model 5A cylinder. As euch, it should
be ueed in conjunc~ion with gamma-rty enrichment
measur@m?nte for routine verification of product

TABLI V

AsSAV ACCURK1C8Or ‘? ROILEM- CTLIXIWRS

Bp*rla) wur*o’_

R(ic)

?(6$1)

?[42X)

B(TC )
B(Tt )

R(T,,), R(?M),r(m)
?(2$1)

+3.7

-;.1
+21,9

4

40.2

-3,7
+8,2

-0.7
+11, $.—

J - 7,01

t’) - $,01
a

●toraga cylinderc. The neutron ●nd gamma-ray

●ethods together provide a ●uch ●ore powerful
verificatlom tool thsn ●ither ~athod slone.
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